Topological analysis with a phoA gene fusion suggested that Acidithiobacillus ferrooxidans MerC, a mercury transporter, has two periplasmic loops and four transmembrane domains. Cys-23 and Cys-26 of the protein were involved in Hg 2þ -recognition/uptake, but Cys-132 and Cys-137 were not. Escherichia coli cells producing the MerC were hypersensitive to CdCl 2 . In this case, mutation of His72 rendered the host cells less CdCl 2 sensitive, whereas none of the Cys residues affected it. E. coli cells expressing the gene encoding a mercuric ion transporter (merC)-deletion mutant, in which the coding-sequence of the carboxy-terminal cytoplasmic region was removed, retained Hg 2þ hypersensitivity and showed about 55% HgCl 2 uptake ability compared to that of the one expressing the intact merC, indicating that the region is not essential for Hg 2þ uptake. Coexpression of A. ferrooxidans the gene encoding mercuric reductase (merA) and the merC deletion mutation conferred HgCl 2 tolerance to E. coli host cells. Under this condition, the merC deletion gene product was exclusively present as a monomer.
Bacterial resistance to mercuric ions is mainly governed by the mer operon. 1, 2) Most mer operons are found in transposons or plasmids. In Tn501, the mer operon consists of five genes: one regulatory gene, merR, and four structural genes, merT, merP, merA and merD in that order. 3) merT and merP are involved in mercuric ion transport in the inner membrane and the periplasmic space respectively.
1) The merA gene encodes mercuric reductase, which catalyses a conversion of Hg 2þ to Hg 0 in an NADPH-dependent manner.
4-7)
The merD gene controls MerR-mediated mer operon expression antagonistically. 8) Tn21 mer contains an additional gene, merC, between merP and merA. Since deletion of the merC gene from the Tn21 mer operon had no effect on mercuric ion resistance, it has been thought that the gene was not essential for mercuric ion resistance. 9) In strain E-15 of Acidithiobacillus ferrooxidans (formally, Thiobacillus ferrooxidans), a unique mer determinant on the chromosome was identified in which a canonical operator/ promoter was followed by two structural genes, merC and merA. The two regulatory genes, merR1 and merR2, were located at least 6 kb from the structural ones. 10, 11) A. ferrooxidans MerC has been shown to function as a mercuric ion transporter. 12, 13) A similar function has been confirmed in Tn21 MerC. 14) It was further found that Tn21 MerC binds Hg 2þ and that the two N-terminal cysteine residues, predicted to be located in the first transmembrane domain, are required for the Hg 2þ transport function. 15) Plasmid pMER327/419 from Pseudomonas fluorescens contains the merF gene between merP and merA, and this gene is also involved in mercuric ion transport. 16) Thus the three genes merT, merC, and merF encode inner membrane mercuric ion transporters in Gram-negative bacteria.
We have investigated the topology of A. ferrooxidans MerC using phoA gene fusions. [17] [18] [19] The cellular localization of the alkaline phosphatase (PhoA) portion of the fusion protein is critical for enzyme activity; i.e., if it is penetrates out periplasmic space then it become active, while if PhoA stays in the cytoplasm or inside the membrane it is inactive. It was found that the MerC has two outer loops, four transmembrane domains, and that both its distal regions and a middle loop face the cytoplasm. In addition, the significance of the amino acid residues which are able to ligand metal ions was measured. MerC monomer is able to uptake HgCl 2 .
Materials and Methods
Bacterial strains and growth conditions. Escherichia y To whom correspondence should be addressed. Tel/Fax: +81-22-217-5709; E-mail: kusano@ige.tohoku.ac.jp Abbreviations: merA, a gene encoding mercuric reductase; merC, a gene encoding a mercuric ion transporter; PhoA, alkaline phosphatase from Escherichia coli coli cells were grown with vigorous shaking at 37 C in Luria-Bertani (LB) medium. Construction of A. ferrooxidans merC-phoA fusion plasmids. Gene fusions were constructed between A. ferrooxidans merC and phoA (the region encoding alkaline phosphatase lacking its signal sequence). The four versions of the merC-encoding region were amplified with the merC forward-1 primer, 5
0 -CCACATGT-CAGCCATAACCCGCATCATCGACAAAATTGGC-ATAGTCGGCAC-3 0 , in which the original KpnI endonuclease site sequence was modified to avoid recognition (marked by a wavy line), and the respective reverse primers, W45 5
0 , and pTM314 20) were used as templates. In the primers used, the restriction enzyme sites used for cloning are marked by underlining, and distinguished from the original enzyme sites marked by double-underlining (see below). The amplified fragments were verified by sequencing, digested with AflIII and KpnI, and subcloned into the NcoI and KpnI sites of pBADphoA (also provided by T. Nakae).
SDS-Polyacrylamide gel electrophoresis and Western blot analysis. Whole-cell extracts were prepared as described previously 21) from the E. coli LMG194 cells carrying each merC-phoA fusion construct. Aliquots (30 mg protein each) were subjected to SDS-10% polyacrylamide gel electrophoresis (PAGE). After sizeseparation, the proteins were blotted onto cellulose membranes (Schleicher & Schuell Inc., Dassel, Germany). The blots were initially probed with monoclonal anti-bacterial alkaline phosphatase mouse antibody (Sigma, Tokyo, Japan) and then AP-conjugated goat anti-mouse IgG (Sigma). The immuno-reactive bands were visualized by color development with nitrotetrazolium blue and XP (5-bromo-4-chloro-3-indolyl phosphate). Whole-cell extracts after IPTG induction of E. coli strain BL21(DE3) harboring merC and merA were subjected to SDS-15% PAGE. After size-separation, the proteins were blotted onto PVDF membrane (pore size 0.22 mm). To detect the T7 tag, anti-T7 tag monoclonal mouse antibody (Novagen, Darmstadt, Germany) was used as a primary antibody, and then horseradish peroxidase (HRP)-conjugated sheep antimouse IgG (Amersham Biosciences, Piscataway, NJ, USA) was used as a secondary antibody. In the case of the His 6 tag, anti-His 6 -tag polyclonal rabbit antibody (Novagen) was used as a first antibody and then HRPconjugated donkey anti-rabbit IgG (Amersham Biosciences). The immuno-reactive bands were visualized by chemi-luminescence with ECL plus (Amersham Biosciences).
Alkaline phosphatase (PhoA) enzyme assay. PhoA activities were detected in E. coli LMG194 (ÁphoA) cells carrying the merC-phoA fusion plasmids. Expression of PhoA-fusion proteins in E. coli with pBADphoA vector is under the control of the araBAD promotor. 22) Hence the cells harboring the fusion constructs were induced by adding 0.4% L-arabinose at 37
C for 1 h. The respective transformants were streaked onto LB agar plate containing the chromogenic substrates XP (5-bromo-4-chloro-3-indolyl phosphate) and incubated for 16 h at 37 C, then the colony color was observed. PhoA activity in whole cells was also assayed by measuring the rate of p-nitrophenyl-phosphate (ONPP) hydrolysis using permeabilized cells, as described previously. 23) One unit corresponds to the activity of hydrolyzing 1 mmole ONPP per minute at 37 C. Specific activity is given as units per mg of cellular soluble protein.
Construction of site-directed mutant. A. ferrooxidans merC plasmids. Initially, the open reading frame (ORF) of A. ferrooxidans merC was amplified with KOD Dash DNA polymerase (Toyobo, Tokyo, Japan) using a pair of primers (merC forward-2, 5 0 -GCGAATTCATGTC-AGCCATAACCCGCATCATC-3 0 , merC reverse-1 5 0 -GCGTCGACTCAGCTACGCGGGGCGGGCGTTTC-3 0 ) and pTM314 as a template. The PCR product digested by EcoRI and SalI was cloned into pBluescript SK(+) (Stratagene, La Jolla, CA, U.S.A.), yielding pBSK(+)merC. To replace the Cys and His residues of the MerC with Ser and Glu respectively, site-directed mutagenesis on merC was performed by PCR (in the cases of C23S, C26S, C137S, H97E, and H98E) and overlap extension PCR 24) (in the cases of C132S and H72E) using pBSK(+)merC as a template. The primers used were: C23S forward, 5
0 . In C23S, C26S, H97E, and H98E, the amplified and sequence-verified fragments were digested with KpnI (the former two) or HpaI (the latter two) and SalI, and the resulting fragments were replaced with the corresponding fragment of pBSK(+)merC. In C132S and H72E, two independent PCRs each, the one with merC forward-2 and C132S reverse (H72E reverse), and the other with C132S forward (H72E forward) and merC reverse-1, were performed, then subjected to the second PCR using merC forward-2 and merC reverse-1. In C137S, PCR was performed using primers merC forward-2 and C137S reverse. Then the wild-type merC gene and the variants cloned in pBSK(+) were amplified with a primer pair (forward, 5
, and the respective fragments digested by AflIII and XhoI were cloned into the NcoI and XhoI sites of expression vector pETBlue-2 (Novagen). The recombinant merC plasmids were transformed into E. coli strain Tuner (DE3) pLacI (Novagen).
Sensitivity assay to mercuric chloride and cadmium chloride. E. coli cells of strain Tuner (DE3) or BL21(DE3) carrying the control vector or the recombinants described above (to express merC and/or merA) were grown in LB broth containing an appropriate antibiotic and 1% glucose at 26 C overnight. The harvested cells were washed with a prewarmed LB broth and suspended in an original volume of warmed LB broth. An aliquot (100 ml) of the overnight culture was mixed with 3 ml of melted LB-agar (0.5%) containing 0.3 mM IPTG (Isopropyl-thio--D-galactopyranoside), and overlaid on LB basal-agar plates. After solidification of the top agar, paper discs (antibiotic assay discs 6 mm in diameter, Advantec, Tokyo, Japan) containing HgCl 2 or CdCl 2 were placed on top. The diameter of the growth inhibition zone was measured after 16 h incubation at 26 C. Above 30 C, merC was over-induced, and hence the host bacterial cells started lysis.
Yeast two-hybrid assay. The corresponding regions of A. ferrooxidans merC, encoding amino acid positions 1-10, 69-76, and 124-144 were cloned into the bait (pBD-GAL4) vector (Clontech, BD Biosciences, Palo Alto, CA, U.S.A.), and are referred to as pBD-merC-C1, pBDmerC-C2 and pBD-merC-C3 respectively. The fragments were amplified by PCR from pTM314 using
0 and 5 0 -CGCTGCAGTTCACGTGCGTTGCCATTGGCGG-TG-3 0 ; and (merC-C3) 5 0 -TCGAATTCTGGGACAT-GGTCAATCCGGCGA-3 0 and 5 0 -CTCTGCAGTTCAT-CAGCTACGCGGGGCGGG-3 0 , which contain EcoRI and PstI sites, and cloned into the corresponding sites pBD-GAL4. The A. ferrooxidans merA fragment was amplified by PCR on pTM314 as a template using primers (merA-forward) 5
0 , digested with EcoRI and XhoI sites, and ligated into the corresponding sites of pAD-GAL4-2.1, resulting in pAD-merA. Yeast strain YRG2 was co-transformed with pBD-merC-C1 (-merC-C2 or -merC-C3) and pADmerA. The transformants obtained were subjected to growth assay on His-deficient medium and lacZ assay.
Construction of merC-and merA-expression plasmids, and merC and merA coexpression plasmids. To express the wild-type and the C-terminus truncated MerC in E. coli, the ORFs of merC and merA genes were amplified using KOD Dash DNA polymerase (Toyobo), pTM314 template plasmid, and the following primer pairs:
0 . The PCR products were cloned into EcoRV-digested pBluescript SK(+), and DNA sequences were verified. In the case of merC, the recombinant plasmids were digested with BamHI and SacI and subcloned into the corresponding cutting sites of pET23-a(+) (Novagen), yielding pET23-merC and pET23-merCÁC. The merA fragment preceded by the ribosome binding sequence was digested with SpeI and XhoI, and the fragment was cloned into XbaI and XhoI double-digested pET23-a(+), resulting in pET23-merA. To co-express merC and merA in E. coli, the merA fragment cutting with SacI and XhoI was cloned into the respective sites of pET23-merC, resulting in pET23-merC-merA. In the constructs, expression of the merA gene was monitored using a commercial anti-hexahistidine (His 6 ) antibody. To generate the intact MerA protein having no tag, the primer containing the original stop codon, 5
0 -AACTCGAGTCAACCCGCACAGCA-GGACAAC-3 0 , was used for PCR amplification. The A. ferrooxidans intact merA and merC (or its variants), if necessary, followed by the merA fragments, were subcloned into pET23a(+), and the recombinant plasmids were transformed into E. coli strain BL21(DE3).
Minimal inhibitory concentration (MIC) of HgCl 2 .
MIC against HgCl 2 of E. coli cells harboring merC and merA expression plasmids was determined by a serial dilution method in a range of 0-100 mg/ml HgCl 2 concentration in LB broth containing 1% glucose and 100 mg/ml ampicillin with an interval of 10 mg/ml under aerobic conditions. Thirty ml each of the fully-grown cultures was transferred into 3 ml fresh culture medium and cultivated for about two hours at 37 C until OD 600 reached 0.25-0.30, then HgCl 2 was added and growth monitored overnight.
Measurement of mercury uptake. E. coli cells carrying pET23a(+) (control vector) and pET23-merC or pET23-merCÁC were grown in LB broth containing 1% glucose and 100 mg/ml ampicillin under aerobic conditions until OD 600 reached 0.5. After incubation with the addition of 0.3 mM IPTG for 30 min and chloramphenicol (30 mg/ml) for 10 min to inhibit nascent protein synthesis of cells during the assay, HgCl 2 (10 mg/ml) was added to the culture for 10 min, and the bacterial cells were harvested by centrifugation and washed two times with prewarmed LB broth containing 1% glucose. The cells were digested in concentrated HNO 3 solution for 1.5 h at 125 C. Solubilized samples were diluted with membrane-filtered deionized water. The diluted samples were then analyzed by ICP-MS (HP 4500, Hewlett-Packard).
Crosslinking studies. Chemical-crosslinking was performed as described previously. 15) Briefly, the cell extracts were diluted with 50 mM Tris-HCl buffer (pH 8.0) to protein concentrations of approximately 0.4 mg per ml. CuSO 4 and 1,10-orthophenanthroline were added to final concentrations of 62.5 mM and 125 mM respectively. After 2 h incubation at room temperature, the reactions were stopped by adding 4 mM 2Na-EDTA (pH 8.0) and 0.8 mg/ml N-ethylmaleimide.
Results
Topology of A. ferrooxidans MerC By hydropathy analysis, A. ferrooxidans MerC is predicted to contain four putative hydrophobic regions. Based on this prediction, four PhoA-fusion constructs were generated which produce intact MerC-PhoA fusion and three versions of C-terminus-trunctated MerC-PhoA hybrids. The amino acid positions of the PhoA-fusions were Q76, S144, W45, and K102, predicted to be the second and third cytoplasmic-ends, and the first and second periplasmic loop-ends of the MerC protein (Fig. 1A) . 25) E. coli LMG194 cells carrying pBADphoA and its merC fusion derivatives were induced by adding 0.4% arabinose, and cell extracts were subjected to western analysis probing with anti-PhoA serum. The MerC-PhoA fusion proteins were detected at the expected sizes (Fig. 1B) . In lanes 2-5, polypeptides with lower molecular masses were also detected. At the moment it is uncertain whether those polypeptides were nascent truncated ones or degradated ones. Using those transformants, PhoA activity was monitored. In petri plates containing XP, the E. coli LMG194 cells harboring pBAD-Q76merC-phoA and pBAD-S144merC-phoA formed white colonies, as did the cells carrying pBADphoA ( Table 1 ), indicating that the PhoA domains in their fusions were located in the cytoplasm. In contrast, the cells containing pBAD-W45merC-phoA and pBADK102merC-phoA formed blue colonies, indicating that their PhoA domains were surfaced to the periplasm (Table 1) . Quantitative PhoA enzyme activity assays further supported the above conclusions. The cells corresponding to pBAD-Q76merC-phoA and pBADS144merC-phoA showed PhoA activity of 0.55 and 0.06 units, whereas cells haboring pBAD-W45merC-phoA and pBAD-K102merC-phoA showed activity of 2.9 and 3.9 units (Table 1) . Based on those results, we proposed a membrane topology of A. ferrooxidans MerC (Fig. 1C) .
Effect of site-directed mutagenesis on cysteine and histidine residues of MerC
In general, the metal-ligandable amino acid residues are Cys and His. 26) A. ferrooxidans MerC contains four Cys (Cys-23, -26, -132, and -137) and three His (His-72, -97, and -98) residues (Fig. 1A and C) . Both Cys-23 and Cys-26 are predicted to be located in the first transmembrane domain, Cys-132 and Cys-136 are located in the cytoplasm, His-72 is probably located in a cytoplasmic loop region, and His-97 and His-98 are likely to be located in the third transmembrane domain (Fig. 1A and  C) . Cys and His of MerC were replaced with structurally analogous residues, Ser and Glu respectively, one by one. HgCl 2 -sensitivity assays of E. coli cells expressing the original merC and its derivatives showed that strain Tuner (DE3) pLaqI cells producing MerC became hypersensitive to mercuric ions (Table 2) . 12, 13) The E. coli cells producing C23S-MerC and C26S-MerC lost hypersensitivity to HgCl 2 , consistently with the results obtained by Tn21MerC.
15) C132S-MerC had no effect on HgCl 2 sensitivity, and C137S-MerC slightly reduced HgCl 2 hypersensitivity. Among the three His positions of A. ferrooxidans MerC, H72E lowered HgCl 2 sensitivity, but the other two changes, H97E and H98E, had no effect ( Table 2 ). We noted that the E. coli cells producing MerC were also hypersensitive to CdCl 2 . Interestingly, the mutations eliminating C23 and C26 of MerC had no effect on CdCl 2 hypersensitivity, but the mutation eliminating H72 caused a loss of CdCl 2 hypersensitivity (Table 2) . C132S, C137S, H97E, and H98E had less effect on CdCl 2 sensitivity. These results suggest that the metal specificity of the MerC protein might not be rigid, and that the recognition of Hg 2þ and Cd 2þ is controlled by different residues in the protein.
A role of the carboxy-terminal cytoplasmic region of MerC
When the amino acid sequences of MerC, MerT, and MerF were aligned, the carboxy-terminal regions were fairly well conserved. The question arose what the role of this region is, in which C132 and C137 of MerC are included. At least two possible roles are speculated to exist; the domain for transferring Hg 2þ to MerA, 2) and the involvement in multimerization of MerC. 1) To assess whether MerC associates with MerA, we performed the following yeast two-hybrid experiment: The fragment encoding the C-terminal peptide region (MerC-C3) of MerC (see Fig. 1C and ''Materials and Methods'' ) was cloned into pBD vector (Stratagene) and the fragment covering the MerA-coding region was cloned into pAD vector (Stratagene). The cotransformant with pAD-merA and pBD-merC-C3 neither grew onto SD-Trp À , Leu À , His À agar plates (Fig. 2) , nor showed any -galactosidase activity (data not shown). This result indicates that MerC-C3 did not physically interact with MerA. Two other cytoplasmic peptides (MerC-C1 and MerC-C2) of MerC appeared not to associate with the MerA protein as judged by yeast two-hybrid assay (Fig. 2) .
To examine the role of the MerC carboxyl-terminus region, the merCÁC construct, which encodes MerC covering the amino acid positions 1 to 131, was prepared. It is likely that the C-terminal truncation at The respective transformants were streaked onto LB plates containing XP (40 mg/ml) and incubated for 16 h at 37 C, and then the colony color was observed. Enzyme activities of alkaline phosphatase were measured. Three independent experiments were performed in duplicate and the mean values are presented. Four kinds of fusion sites of MerC are displayed in Fig. 1A. position A128 of MerC does not cause a significant topological change, because E. coli cells carrying pBAD-A128merC-phoA showed a background level of PhoA activity (data not shown). The E. coli strain BL21(DE3) producing T7-tagged MerC variants with substitution of the Cys residues showed similar sensitivity to HgCl 2 (data not shown). Moreover, the E. coli cells producing MerCÁC with C-terminus trancation were hypersensitive to HgCl 2 in a degree similar to that of the cells producing intact MerC (Table 3 ). In fact, those cells still retained HgCl 2 -uptake potential, even though it was reduced to about 55% of the level shown by the cells producing intact MerC (Table 3 ). This result indicates that the C-terminal cytoplasmic region of MerC is not crucial for HgCl 2 -transport activity.
A. ferrooxidans merA alone or merC and its derivatives followed by merA were subcloned into pET23a(+) vector. The transformants with those recombinant plasmids produced MerA or MerC and its variant proteins and MerA (Fig. 3A) . Using the cell extracts from those (the merA gene was expressed without the T7-tag), we observed almost similar levels of mercuric reductase (MerA) activity (monitored by Hg 2þ -dependent NADPH-oxidation activity), except for the cells carrying the merA-alone construct, in which the MerA activity was higher compared to the other cells (data not shown). This is consistent with the result for the MerA protein levels (Fig. 3A) . Single expression of MerA did not make the host cells tolerant to HgCl 2 , but coexpression of MerC rendered the host cells HgCl 2 -tolerant (Fig. 3B, lanes 2 and 3) . Substitution of C132S did not cause any defect in MerC (Fig. 3B, lane 6) . In contrast, both substitution of C137S and deletion of the region spanning amino acid positions 132-146 of MerC caused a reduction in the HgCl 2 -tolerant levels of the host cells, as judged by a growth inhibition assay using filter discs containing HgCl 2 . Almost similar results were obtained with determination of the minimal inhibitory concentration (MIC) to HgCl 2 of the E. coli cells carrying the above constructs (data not shown).
Multimerization of MerC protein is affected by mutation or truncation of the C-terminal peptide Tn21 MerC mainly exists as a monomer but the part of it present occurs as a dimer in vesicles. 15) In E. coli cells having intact MerC, most MerC protein was present as a monomer and a minor portion formed dimers under non-reducing conditions of SDS-PAGE (Fig. 4A, lane 1) . The MerC variant with the substitution of either C23S or C26S primarily exists as monomers similar to intact MerC (Fig. 4A) . Derivatives with substitutions C132S or C137S formed dimers (Fig. 4A, lanes 4 and 5) . MerCÁC predominantly formed monomers with almost no dimers (Fig. 4A , lane 6). With chemical cross-linking, similar results were observed, with the putative trimers and tetramers additionally detected in the cases of intact-, C23S-, and C26S-MerCs (Fig. 4B ).
Discussion
The membrane topology of A. ferrooxidans MerC was examined and its Cys and His residues, which plausibly ligand to Hg 2þ ions, altered by site-directed mutagenesis. In Tn501 MerT, it was found that the first Cys pair (C24 and C25 residues), which are located in the first transmembrane segment, are involved in the transport of mercuric ions through the cytoplasmic membrane.
27) The active Cys residues of Tn21 MerC required for Hg 2þ transport are located inside the membrane because a hydrophobic SH-reagent, but not a hydrophilic one, modifies them. These were identified as the C22 and C25 residues, which have been predicted to be in the first transmembrane segment.
14,15) Consistent with the results for Tn21 MerC, the C23 and C26 residues of A. ferrooxidas MerC were located in the first transmembrane segment and were crucial for HgCl 2 hypersensitivity. In contrast, three mutations removing C132 and C137 did not affect HgCl 2 sensitivity. Additionally, E. coli cells expressing A. ferrooxidans merC were hypersensitive to CdCl 2 ( Table 2 ). It is known that the GMTCxxC metal-binding motif is also present in other heavy metal-binding domains, including cadmium-and zinc-binding ones. 28, 29) However, mutations removing the C23 or C26 residues had no effect on CdCl 2 hypersensitivity. H72 was required for Cd 2þ sensitivity. These results suggest that metal cation recognition by MerC might not be rigid. Perhaps recognition of Hg 2þ and Cd 2þ by MerC differ. The H72E mutation also caused a partial reduction in HgCl 2 hypersensitivity. This highly conserved His residue (among the MerC family of proteins) might be indispensable for its transport function.
Hydropathy analysis has led to the prediction that MerC, MerF, and MerT have four, two, and three transmembrane domains respectively. 16) In this study, the supportive data for the topological model of MerC are presented; i.e., A. ferrooxidans MerC has four transmembrane domains, two periplasmic loops, and three peptide regions facing the cytoplasm, including both the N-and C-terminal regions. These three proteins have different structures but a common function as mercuric ion transporters.
16) The MerC proteins share the second Cys pair which is in the cytoplasmic space, but its functional significance remains unclear. Rossy et al. 30, 31) found with an NMR approach that a 23 amino acid synthetic peptide identical to the cytoplasmic loop of MerT (housing the second Cys pair) receives mercury from the first Cys pair, located in the first transmembrane domain, and that this mercury cation can be transferred to the N-terminal region of MerA. We did not measure mercury transfer, but our data showed that mutagenesis on C132 and C137 of A. ferrooxidans MerC did not alter the HgCl 2 hypersensitive-phenotype of the host cells. In Tn21 MerC, the C127 and C132 variants with Ala replacement also did not significantly affect Hg 2þ uptake. 15) When E. coli cells have intra- The E. coli BL21(DE3) cells producing intact MerC and its variant proteins were harvested and incubated at 37 C for 15 min. A, in the absence of -mercaptoethanol or B, cross-linked, as described in ''Materials and Methods''. After running SDS-PAGE, the size-separated proteins were transferred onto the PVDF membrane. The blot was incubated with anti-His 6 antibody. Lane 1, E. coli (pET23-merC-merA); lane 2, E. coli (pET23-C23SmerC-merA); lane 3, E. coli (pET23-C26SmerC-merA); lane 4, E. coli (pET23-C132SmerC-merA); lane 5, E. coli (pET23-C137SmerC-merA); lane 6, E. coli (pET23-merCÁC-merA). cellular mercuric reductase, co-expression of both C132S-MerC and C137S-MerC rendered the host cells resistant to HgCl 2 . In a plate assay, the latter variant resulted in a partial loss of HgCl 2 resistance. In sum, we conclude that in A. ferrooxidans MerC, at least C132 is inessential. In relation to this, note that the MerC protein usually contains two conserved Cys pairs, but in the MerC of plasmid pMER610, the first Cys residue of the C-terminal pair is not conserved. 32) Assuming that the mercuric ions are taken up by these transporter proteins and must be passed efficiently to the MerA protein, MerC might physically interact with MerA. This possibility was tested using a yeast two hybrid assay with the three cytoplasmic portions of MerC as baits. The results did not indicate direct contact of MerC and MerA (data not shown), even though the presence of a kind of scaffold protein between the mercury transporter and MerA cannot be ruled out.
Many bacterial transporter proteins have at least eight transmembrane domains as a functional unit, and hence it was hypothesized that the MerC protein might be functional as a multimer, possibly a dimer. 27) Sahlman et al. 14) showed that in membrane vesicles, Tn21-derived intact MerC forms dimers and monomers in about a 1:3 ratio in the absence of a reducing agent, -mercaptoethanol, and that MerC variants C127A and C132A have a higher ratio of dimmer to monomer. The increase in the dimer form might be explained via formation of intermolecular disulfide bonds. Intact and mutated MerC proteins with different monomer to dimer ratios had almost the same level of Hg 2þ uptake activity. 15) The site-directed mutagenesis data here are consistent with those in terms of multimeric forms. Putative trimers and tetramers of MerC were additionally detected after chemical cross-linking in the cases of intact-, C23S-, and C26S-MerCs (Fig. 4B) . It is unlikely, however, that formation of multimers is prerequisite for MerC to function as a mercuric ion transporter (see below).
It is interesting that the MerCÁC protein (deleting the region encompassing a second Cys pair) exclusively formed monomers and yet retained Hg 2þ uptake potential, albeit with a reduction of 45% compared to that of intact MerC. E. coli cells co-expressing MerCÁC and MerA displayed a similar level of HgCl 2 resistance to cells expressing intact MerC and MerA (Fig. 3 , data not shown), indicating that MerCÁC is functional as a mercuric ion transporter. This suggests that the dimer formation of MerC is not essential for Hg 2þ uptake activity, and raises the new question of how monomeric MerC is energized to mediate Hg 2þ uptake.
1)
